We describe polymer-stabilized droplets capable of recognizing and picking up nanoparticles from substrates in experiments designed for transporting hydroxyapatite nanoparticles that represent the principal elemental composition of bone. Our experiments, which are inspired by cells that carry out materials transport in vivo, used oil-in-water droplets that traverse a nanoparticle-coated substrate driven by an imposed fluid flow. Nanoparticle capture is realized by interaction of the particles with chemical functionality embedded within the polymeric stabilizing layer on the droplets. Nanoparticle uptake efficiency is controlled by solution conditions and the extent of functionality available for contact with the nanoparticles. Moreover, in an elementary demonstration of nanoparticle transportation, particles retrieved initially from the substrate were later deposited "downstream," illustrating a pickup and drop-off technique that represents a first step toward mimicking point-to-point transportation events conducted in living systems.
INTRODUCTION
Encapsulation, recognition, and transport events are central to biology and evident in the multiple types of cellular processes and mechanisms that control cell function and facilitate intracellular action (1) (2) (3) (4) (5) (6) (7) . Designing materials that mimic the complex function of biology holds promise for translating the efficiency and specificity of cellular processes into simple, smart synthetic systems. This may involve, for example, integration of biologically active oligopeptides into polymers, such as the Arg-Gly-Asp tripeptide sequence. This key component of the extracellular protein fibronectin is now widely implemented in synthetic biomaterials for promoting cell adhesion or improving cell uptake (8) . For drug delivery vehicles, integration of nuclear localization sequences into the delivery system offers the potential to realize nature's specificity in comparatively simple synthetic polymers, gels, and the like (9, 10) . More generally, once the fundamental characteristics of any of a variety of biological functions are identified, methods can be designed for reducing biological complexity to scalable materials, minimizing the extent of functionality required to achieve a desired outcome.
Our work is inspired by cells that function in engulfment and repair/ restoration events. In one example, macrophages that engulf cellular debris take cues from surface-bound proteins that distinguish healthy cells from microbes and cancer cells (11) . In another example, osteoclasts function in bone digestion, maintenance, and repair, working in conjunction with osteoblasts, which are crucial for bone generation (12, 13) . These processes represent nature's examples of encapsulation, recognition, construction, and repair that would be valuable for integration into synthetic materials but are far too complex for straightforward replication. Fortunately, Balazs and coworkers (14) have assessed these processes theoretically, showing, for example, that lipid vesicles in an imposed flow can recognize, pick up, and even drop off particulate materials. Our attempts to adapt these biologically inspired theoretical advances to experimental practice have focused on polymer-stabilized emulsion droplets that either (i) pick up nanoparticles (NPs) from substrates (that is, by integration of the NPs into the fluid-fluid interface with the polymer or by NP engulfment into the droplet interior phase) (15) or (ii) deposit encapsulated NPs into damaged regions of substrates (16, 17) .
NP pickup using emulsion droplets was first demonstrated experimentally by Kosif et al. (15) using simple amine-functionalized NPs and droplets stabilized by polymers with activated esters that underwent amidation with the amine-rich NPs. NP pickup performed in this fashion can be viewed as mimicking the action of osteoclasts, and it provides a springboard for examining the concept in materials systems with compositions mirroring those of biology. Notably, other complex cellular functions such as endocytosis (2) and intracellular trafficking (18) can be modeled using NPs with materials systems that mimic cellular compartmentalization and allow for internalization and selective placement of NPs. Polymersomes (that is, vesicles composed of amphiphilic block copolymers) can mimic cellular processes using adhesive ligands that bind to substrates that display inflammatory markers (19) . Similarly, Jin et al. (20) described a synthetic variant of cell aggregation using polymersomes that have complementary functionality and enable light-induced reversible assembly and disassembly.
This work addresses materials systems that adapt the concepts described above to hydroxyapatite (HA) NPs, which have a calcium phosphate-rich structure [Ca 5 (OH)(PO 4 ) 3 ] that reflects the principal materials composition of bone. This is an especially suitable test case for examining "osteodroplets" as vehicles for the collection, transport, and deposition of debris (21) (22) (23) (24) (25) (26) (27) (28) . Because HA NPs are insoluble in organic solvents and show no affinity for stabilizing oil-water interfaces, we speculated that the presence of coordinating functionality within polymer-stabilized emulsion droplets would be required for their recognition and pickup. Thus, a catechol-containing polymer surfactant was designed to promote electrostatic interactions with HA NPs (29-31) for their retrieval, as illustrated schematically in Fig. 1 . The process was visualized by fluorescence microscopy with dye-labeled NPs to track their location during the course of the experiments, and it confirmed that the presence of adhesion-promoting catechol functionality on the droplets was crucial for successful implementation of the concept.
RESULTS AND DISCUSSION

Synthesis of catechol-functionalized polymer surfactants
The emulsion droplets used in our experiments were stabilized by amphiphilic polyolefins consisting of a hydrophobic poly(cyclooctene) backbone and pendent phosphorylcholine (PC) groups that were prepared by ring-opening metathesis polymerization (ROMP), as shown in Fig. 2 . The PC groups were selected with the intention of imparting nonfouling properties to the droplets and preventing their irreversible adsorption on substrates (32) . In catechol-containing PC-polyolefin 4, catechols were chosen for their known affinity for calcium (33) and potential to adhere to HA NPs. Adaptation of catechols to synthetic systems is inspired by their role in underwater adhesion in mussel foot proteins, which has been exploited in polymeric adhesives for tissues, bones, and teeth. Chirdon et al. (34) noted the work of adhesion of catechols on HA surfaces to be~88 mJ/m 2 , which is greater than that observed for short alkyl chain carboxylates, amines, and alcohols. Thus, we anticipated these "PC-catechol" polymers to be potentially effective in contributing a blend of nonfouling (PC) and adhesion-promoting (catechol) functionality into one synthetic surfactant system.
Because catechol groups are prone to interfering with olefin metathesis chemistry (35), we chose to prepare reactive polymer precursors that allow facile postpolymerization inclusion of catechols via dopamine. As shown in Fig. 2 , pentafluorophenyl ester (PFPE)-containing cyclooctene 2 was copolymerized with PC-substituted cyclooctene 1 to afford polymer 3, which has PFPE groups pendent to the backbone. Amidation of polymer 3 with 3 eq of dopamine hydrochloride relative to PFPE in water yielded polymer 4, which was purified by dialysis against methanol and water, followed by lyophilization. Fourier transform infrared spectroscopy showed that the PFPE carbonyl stretch 
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at 1782 cm −1 disappeared, and a new amide carbonyl stretch at 1641 cm fig. S2 ) confirmed the integrity of the catechol functionality from the characteristic resonances at 6.67 and 6.48 ppm. By integrating the CH 2 proton signal adjacent to the catechol groups at 2.60 ppm against the polymer backbone olefin signals at 5.37 ppm, catechol incorporation in polymer 4 was estimated to be 23 and 40 mole percent (mol %) for the samples used in these studies. Unlike conventional surfactants, these PC-catechol polymers are materials with relatively high molecular weights, estimated by gel permeation chromatography (GPC) to be in the 70-kDa range. The presence of catechols along the PC-polyolefin backbone did not interrupt the surfactant properties of PC-polyolefins: polymer 4 was found to effectively stabilize oil-in-water droplets, with pendant drop tensiometry measurements yielding interfacial tension values of~12.5 mN/m at the tricholorobenzene (TCB)/water interface ( fig. S3C ). This surfactant character assured the suitability of these polymers for stabilizing oil-in-water emulsions and testing the NP pickup concept. For control experiments, PC-polyolefin 6, containing 25 mol % of phenyl ester groups in place of the catechols (Fig. 2) , was synthesized by ROMP of PC-substituted cyclooctene 1 and phenyl ester-containing cyclooctene 5 (15), rationalizing that such a structure would display interfacial properties on order of polymer 4 but without the functionality needed for electrostatic interactions with HA NPs. Polymer 6 was found to exhibit comparable interfacial tension values of~8.0 mN/m, confirming its capability to stabilize oil-in-water droplets ( fig. S3C ).
HA NP pickup
Polymer-stabilized oil-in-water emulsion droplets were generated by shaking an aqueous solution of polymer 4 or polymer 6 (2.0 mg/ml) in an organic solvent (for example, TCB, chloroform, or toluene) [20:1 water/oil (v:v)]. This simple preparation afforded droplets of 100 to 300 mm in diameter ( fig. S3 ). NP pickup experiments were performed with TCB as the organic solvent, which benefits from its low miscibility with water (~50 mg/liter) and high density (1.46 g/ml) that promotes droplet contact with the substrate. An aqueous suspension of HA NPs (purchased from Sigma-Aldrich) was subjected to centrifugation, and the residue obtained was redispersed as a solution (~4.0 mg/ml) in ethanol that is stable for several hours and useful for casting onto substrates. These suspensions were applied by spin coating onto rectangular substrates (2 cm 2 ) of various compositions, including silicon, poly(dimethylsiloxane) (PDMS), mica, poly(ethylene terephthalate) (PET), and poly(ether ether ketone) (PEEK). A custom flow cell fabricated for our experiments consisted of a Teflon block (7.5-cm length × 5.0-cm width × 2.0-cm depth), with an embedded well (3.0 cm × 1.0 cm × 0.5 cm) into which the substrate was placed (see fig. S4 for schematic and image). Emulsion droplets were generated by mixing an aqueous solution of polymer (10 ml, 2 mg/ml) with TCB (0.5 ml) and pumping the droplets through the system over the HA NP-coated substrate under laminar flow (flow rate, 0.5 ml/s; Reynolds number,~300) in pulsed intervals of 5 s of flow and 30 s of rest. Optical, fluorescence, and electron microscopy images of the substrates and droplets were recorded before and after the experiments. Figure 3A shows an optical microscopy image (magnification, ×5) of a Si substrate at the outset of an experiment, where NP aggregation produces a contrast on the surface, readily visible by optical microscopy; the inset shows that scanning electron microscopy (SEM) reveals NPs in small and large clusters on the substrate. Oil-in-water emulsion droplets were prepared by shaking 10 ml of an aqueous (pH 7) solution of polymer 4 (2 mg/ml) with 0.5 ml of TCB. The polymer-stabilized droplets traversed the substrate over 150 pulsed intervals, after which the substrates were examined again. As seen in Fig. 3B , the original optical contrast on the substrate is absent, suggesting effective removal of NP debris by the droplets. SEM imaging (Fig. 3B, inset ) of numerous regions of the substrate revealed a complete absence of NPs. Transmission electron microscopy (TEM) analysis (Fig. 3C ) was additionally useful; the original HA NPs on carbon-coated copper grids were seen as polydisperse and roughly spherical structures with diameters of approximately 30 to 300 nm. TEM images of dried emulsion droplets after pickup (Fig. 3D) showed NPs similar to those of the commercial sample, along with some amorphous features attributed to polymer surfactant.
Control experiments confirmed the crucial role of chemical functionality in the polymer-stabilized droplets for NP pickup. When the pulsed flow was conducted with water (pH 7) only (that is, without droplets), little to no loss of NPs from the substrate was observed ( fig.  S5, A and B) . In addition, no significant decrease in NP density on the substrate (observed by optical microscopy and SEM) was seen when the pulsed flow was conducted with oil-in-water droplets stabilized by polymer 6, which lacks catechol functionality ( fig. S5, C and D) . This observation that "smart droplets," which have suitable functionality for interaction with the selected NPs, are required for NP pickup holds promise for designing selective systems that may recognize and transport any of a range of NP compositions.
Pickup efficiency
We attempted to evaluate the efficiency of HA NP pickup using ImageJ analysis on the optical micrographs, converting intensity threshold into 
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area of coverage, and defining efficiency as the relative reduction in dark regions following NP pickup, as expressed in Eq. 1
where h denotes pickup efficiency, and A 0 and A 1 represent the dark areas before and after NP pickup, respectively. Analyses were conducted on at least five different regions of three identically treated samples. As seen in Fig. 3 , the extent of NP debris on the substrate decreased by more than 99%, suggesting an effective and efficient experimental design. In contrast, ImageJ analysis of substrates used in control experiments that involved water only (no droplets) ( fig. S5, A and B) showed that nearly 100% of the NPs remained on the substrate. NP pickup was similarly ineffective when using droplets stabilized by polymer 6, showing only~5% NP reduction ( fig. S5, C and D) . We also studied several control factors by tuning the polymer surfactant and aqueous phase environment, which potentially influence pickup efficiency, such as the extent of catechol functionality on the polymer, pH, and the presence of ions in solution. Although polymer 4, having 23 and 40 mol % of catechol-containing monomers, exhibited efficient NP pickup in Milli-Q water (pH ≈ 7), the efficiency decreased to about 70% under basic conditions (0.1 M NaOH solution; fig. S6 ). Because basic conditions can accelerate catechol oxidation (36), these conditions may be expected to reduce the droplet affinity for the HA NPs. Using 1 H NMR, we find that the catechol functionality of 0.1 M NaOH solution in D 2 O remained intact, as evidenced by the resonances at 6.57 and 6.29 ppm even after the solution was exposed to air for 2 hours. We also noted that the change in pickup efficiency was minimal in 0.1 M NaOH solution, and complete NP removal from the Si substrate was found by dissolving polymer 4 with 40 and 23 mol % of catechols in pH 7 water. To better understand the influence of pH in the aqueous polymer solution, we attempted NP pickup using droplets prepared from polymer 4 under acidic conditions (that is, pH 4 HCl). However, rinsing the HA NP-coated substrate with pH 4 water, without any droplets, led to removal of the NPs, presumably due to their dissolution in acidic water ( fig. S7, A and B) .
Pickup experiments were also performed in salt water, specifically to evaluate the effect of calcium ions on the outcome of the experiments. Polymer 4 with 40 mol % of catechol was dissolved in 1 and 10 mM CaCl 2 solution, respectively, and used in NP pickup experiments with 150 intervals of pulsed flow. In 1 mM CaCl 2 solution, a pickup efficiency of <50% was achieved, whereas a 10 mM salt solution was sufficiently concentrated to preclude NP pickup. Catechol-Ca +2 complexation, confirmed independently by mass spectrometric characterization of products from aqueous solutions of 1,2-dihydroxybenzene and CaCl 2 [see fig. S9 and the study by Butler et al. (37) ], effectively inhibits NP pickup and represents a means by which NP pickup efficiency could be controlled. In a similar fashion, the presence of Fe 3+ in the solution during the experiment also led to a reduction (~50%) in pickup efficiency, as did the addition of free dopamine to the aqueous phase.
Fluorescence visualization
The known utility of fluorescent dyes (for example, alizarin, alizarin red S, and enhanced green fluorescent protein) (38, 39) in estimating HA content in bones and HA-containing composite materials (40-43) led us to attempt to use these dyes to develop a fluorescence-based method for characterizing NP pickup. For example, alizarin powder was mixed with HA NPs in ethanol (1:10 weight ratio) for 2 hours, and the NPs were washed with ethanol three times and then suspended in ethanol at~4.0 mg/ml. The alizarin-labeled HA NPs were visualized easily by fluorescence microscopy (Fig. 4) following spin coating onto a Si substrate. After NP pickup, the fluorescent signature was completely removed from the substrate, and a red fluorescence associated with polymer-decorated droplets was observed, indicative of incorporation of HA NPs onto the droplets.
Substrate effects-Toward "pickup and drop-off" We attempted to establish the versatility of NP pickup using a variety of inorganic and plastic substrates including PDMS, mica, PET, and PEEK. For PDMS [surface oxidized by ultraviolet (UV)/ozone treatment] and mica, NP pickup proceeded successfully, with 70 to 80% efficiency, near to that found from the Si surfaces (figs. S10 and S11). However, we observed essentially no NP pickup from plastic films composed of PET ( fig. S12) and PEEK, suggesting a stronger interaction of the NPs with these substrates and/or a relative inability of the PC-polymer droplets to sufficiently wet these materials. We speculate that this results from the relative hydrophobicity of these plastics (PET and PEEK have water contact angle values of~70°), but we do not have definitive evidence to support this. Nonetheless, this observation itself confirms that substrate composition may be exploited to adjust the relative extent of NP pickup or even provide an end-point destination for delivering NPs that are in transit via droplet carriers. From that standpoint, we then examined the potential of functional droplets to conduct pickup and drop-off in one "in-line" process, as illustrated in Fig. 5 . Theoretical work by Balazs (14) showed that adjustment of NP-substrate interactions provides a means by which the concept may be realized. However, we are not aware of previous demonstrations of surface-to-surface NP transport or relocation, but we suggest that developing these methods would be exceptionally useful as a noninvasive technique for transferring NP properties (chemical, optical, magnetic, or electronic) from one material to another. Such a process is distinct from conventional cleaning or NP encapsulation and release processes and represents a potential route to efficient materials transport and/or recycling processes.
Our first attempt to drop off NPs subsequent to their initial pickup used a polydopamine (PDA)-modified substrate, intended to exploit the adhesive properties of PDA and its reported ability to promote NP deposition (44, 45) . PDA was applied to Si substrates by contact printing (46, 47) to give smooth, light brown films ( fig. S13B ). The PDA-coated substrate was placed downstream from a HA NP-coated Si substrate, as shown in Fig. 5 , using alizarin-labeled NPs for fluorescence tracking. Polymer 4-stabilized droplets were used in over 300 pulsed flow intervals, and as seen in Fig. 6D , a fluorescent signature was transferred from the Si substrate to the PDA-coated substrate. Aside from the fluorescent signature, the substrate-to-substrate NP transfer was confirmed by SEM visualization of the HA particulates (insets of Fig. 6, B and D) . By comparing the total area of fluorescent (red) regions on the PDA-coated substrate after NP deposition (Fig. 6D) to the NP pickup area (Fig. 6, A and C) , an estimated 10 to 20% of the NPs were transferred to the PDA-coated substrate during the pickup and drop-off experiment. This represents an experimental realization of the pickup and drop-off concept proposed by Balazs (14), and future work will seek to exploit the process over a breadth of NP and substrate compositions. Notably, the PDA-coated Si substrate had an oily appearance under white light ( fig. S13D) , possibly due to rupture of some of the droplets on the surface. However, estimating qualitatively, the total number of droplets did not change over the course of the experiment. The inability of catechol-decorated droplets to pick up HA NPs from PET surfaces proved advantageous for pickup and drop-off 
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experiments: When the PDA-coated substrate was replaced with a PET film, a similar transfer of NPs from the Si substrate to PET was observed ( fig. S14 ). Although these experiments are unoptimized with respect to efficiency, this nonetheless represents a key initial step to realizing the concept of NP relocation that may be advanced, by us and others, going forward.
CONCLUSION
We have demonstrated an effective approach to picking up HA NPs using oil-in-water emulsion droplets stabilized by PC-polyolefins with pendent catechol groups. Integration of catechol functionality into the PC-polyolefin surfactant provides an adhesive character to promote NP-droplet interactions and transport the NPs in a fluid-driven system. A measure of control over pickup efficiency was achieved by adjusting solution conditions (pH and salt concentration) and selection of substrate (from inorganic materials to plastics). Our attempts to deposit NPs on substrates following an initial pickup event led to an experimental realization of "pickup and drop-off," inspired by previous theoretical advances (14) and the cooperative action of particulate capture and deposition by live cells in vivo.
MATERIALS AND METHODS
Materials
HA NPs [Ca 5 (OH)(PO 4 ) 3 ], white powder suspended in water, was purchased from Sigma-Aldrich. The original suspension was centrifuged and the supernatant was decanted. The resulting solid was then suspended in ethanol (4 mg/ml). 2,2,2-Trifluoroethanol (99+%) was purchased from Alfa Aesar. Polymer 6 with 25 mol % of phenyl ester-containing cyclooctene 5 was synthesized (M n = 37.9 kDa; Ð = 1.90) in accordance with previously published procedure (15) .
Synthesis of PC-polyolefins with catechol group PC-substituted cyclooctene 1 (4.8 mmol, 1.40 g) and PFP-substituted cyclooctene 2 (3.2 mmol, 1.02 g) were dissolved in 4 ml of trifluoroethanol and degassed by three cycles of free-pump-thaw. In a separate vial, third-generation Grubbs catalyst was dissolved in 4 ml of degassed dichloromethane and rapidly injected into the monomer solution. Ethyl vinyl ether (0.5 ml) was added to terminate the polymerization after 1 hour. The reaction mixture was diluted with 2 ml of methanol and precipitated into acetone. Residual solvents were removed by placing the crude polymer under high vacuum overnight, affording 2.1 g of PC-PFPE polyolefins in 83% yield. GPC [1,1,1-trifluoroethanol (TFE) with 20 mM sodium trifluoroacetate, relative to poly(methyl methacrylate) (PMMA) standards]: M n = 50.1 kDa, Ð = 1.90. The resulting polymer (1.1 g, 1.4 mmol PFPE, 40 mol % of PFPE, as determined by 1 H NMR spectroscopy) was redissolved in water (15 ml). Dopamine hydrochloride (1.57 mmol, 0.297 g) and triethylamine (1.57 mmol, 0.219 ml) were added. The reaction mixture was stirred for 10 hours and then transferred to a dialysis tubing with a molecular weight cutoff of 1 kDa to remove excess reagents and reaction by-products by dialyzing against methanol and water. Water was changed four to five times before lyophilization. Polymer was isolated as a grayish-brown solid in 50% yield. Gel permeation chromatography Molecular weight information was collected on an Agilent 1200 GPC instrument equipped with a degasser, a refractive index detector, a Polymer Standards Service (PSS) PFG guard column (8 mm × 50 mm), and three PSS-PFG analytical linear M columns (8 mm × 300 mm) using TFE with 20 mM sodium trifluoroacetate as mobile phase. The instrument was operated at 1 ml/min at 40°C and calibrated against PMMA standards. All samples were filtered through a 0.4-mm polytetrafluorethylene filter before analysis.
Pendant drop tensiometry
A DataPhysics OCA-15 tensiometer was used in pendant drop mode to measure the interfacial tension between water and TCB using the PC-polyolefin with pendent catechol and phenyl groups, respectively. On the basis of the shape of the pendant drop, the interfacial tension between the liquids was calculated from the Young-Laplace equation using the instrument.
Preparation of alizarin-labeled HA NP Alizarin (Sigma-Aldrich) was mixed with the HA NPs in ethanol at a 1:10 weight ratio. Then, the mixed suspension was agitated continuously using an orbital shaker at 300 rpm for 2 hours. The alizarin-labeled HA NPs were isolated from the suspension by centrifugation at 13,400 rpm for 15 min and then washed with ethanol.
Preparation of PDMS substrate PDMS (Dow Corning Sylgard 184) substrates were prepared by mixing the base with the curing agent (10:1 by weight fraction) followed by degassing in a vacuum chamber for 30 min. The degassed mixture was poured into a rectangular mold with a depth of 1 mm and cured at 70°C for 4 hours. The PDMS samples were exposed to UV/ozone oxidation (Jelight 342) for 15 min to form an oxidized layer on the surface and used immediately.
PDA contact printing onto Si substrates PDA was coated onto Si substrates by first immersing a solid PDMS stamp (2.0 cm × 1.0 cm × 0.2 cm) in a freshly prepared solution of dopamine hydrochloride (2 mg/ml) in tris-buffered solution (10 mM, pH 8.5) and agitated on the orbital shaker for 2 hours. Then the PDAcoated PDMS was rinsed three times in deionized water and dried by a gentle stream of nitrogen. This PDA-coated PDMS was pressed against a clean Si wafer with 100-g pressure on top for 20 min. PDA was then transferred to the Si surface after peeling the PDMS stamp off.
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